The epithelial surfaces of the upper respiratory tract are continuously exposed to a wide variety of commensal microorganisms. In addition to acting as a physical barrier, epithelial cells respond to specific microbial products with the generation of signals, such as cytokines, that trigger inflammation. Because they are common components of the nasopharyngeal flora that share the potential to cause disease, we investigated the effects of Haemophilus influenzae and Streptococcus pneumoniae, alone and in combination, on human respiratory epithelial cells in culture and in a murine model of nasopharyngeal colonization. Exposure of A549 or Detroit 562 epithelial cells to both S. pneumoniae and H. influenzae led to a synergistic increase in production of IL-8, the major neutrophil chemokine in the airway, through an NF-B-dependent mechanism. Likewise, nasal cocolonization of mice caused a synergistic rise in local production of macrophage inflammatory protein 2 in nasal lavage fluid and subsequent recruitment of neutrophils. This synergistic effect depended on production of the pore-forming cytolytic toxin, pneumolysin, by S. pneumoniae and activation of host p38 mitogen-activated protein kinase. Although both H. influenzae and S. pneumoniae have ligands for Toll-like receptors (TLRs) TLR2 and TLR4, synergistic activation was TLR2-and TLR4-independent. Thus, epithelial surfaces are capable of amplifying proinflammatory responses during concurrent stimulation by multiple microbial species. These synergistic responses, demonstrated both in vitro and in vivo, may contribute to inflammation of heavily colonized mucosal barriers.
T
here is a growing body of evidence that local environmental factors can have marked effects on the response of epithelial cells to microbial stimuli. In the case of the respiratory tract, the epithelium senses the luminal contents of the airway and can transduce NF-B-dependent proinflammatory signals, including production of the neutrophil chemokine IL-8 (1, 2) . Interactions between bacteria and epithelial cells have generally been investigated by using single species in pure culture, although many mucosal surfaces are in constant contact with an array of diverse microbial species (3) . The presence of commensal bacteria has been shown to attenuate the response of gastrointestinal epithelial cells to pathogenic Salmonella by stabilization of the NF-B-inhibitory molecule IB, suggesting that polymicrobial stimulation may dampen inflammatory responses (4) . In contrast, the presence of proinflammatory cytokines may enhance epithelial responses to microbes (5) . It appears, therefore, that epithelia function as complex signal integrators, assimilating information from combinations of microbes and the local cytokine environment to adjust their own proinflammatory response to a specific ecologic milieu.
In this study, Haemophilus influenzae and Streptococcus pneumoniae were used as model organisms to investigate the response of respiratory epithelial cells to simultaneous stimulation by multiple bacterial species. Both commonly exist as commensal organisms in the human nasopharynx and are capable of causing disease when they are able to gain access to other normally sterile sites. Asymptomatic carriage of each species may be stable over weeks or months and occurs in greater than half of some populations, especially young children (6) . These factors imply that concurrent exposure of mucosal surfaces to these two species may not be a rare event. Constituents of both H. influenzae and S. pneumoniae have been described to stimulate respiratory epithelial cells to produce IL-8 (7, 8) . However, little is known about the specific bacterial or host components involved in these processes, and the pattern of response to coinfection with H. influenzae and S. pneumoniae has not been investigated. As a consequence of the shared niche and high frequency of carriage of these two organisms, we postulated that the respiratory epithelium may have evolved mechanisms to respond to concurrent stimulation by H. influenzae and S. pneumoniae that might be qualitatively or quantitatively different from the response to either alone.
In this series of experiments, we describe synergistic (i.e., greater than additive) increases in production of the proinflammatory cytokines macrophage inflammatory protein (MIP)-2 (in the mouse nasopharynx) and IL-8 (in human epithelial cells) in response to costimulation with S. pneumoniae and H. influenzae. This finding is in contrast with previous studies (4) that noted a dampening effect of bacterial costimulation. Our findings suggest that proinflammatory polymicrobial stimulation may contribute to the protective function of multiply colonized epithelial surfaces.
Materials and Methods
Bacterial Strains and Culture Conditions. H. influenzae and S. pneumoniae strains were grown as described (9) . Strains used in vitro included H. influenzae H233 (a nontypeable clinical isolate) and S. pneumoniae D39 (a type 2, capsulated clinical isolate) (9, 10) . Strains used in vivo were selected because of their ability to colonize efficiently in the murine nasopharynx, and included H636 (a type b, constitutively phosphorylcholine-expressing mutant of strain Eagan that spontaneously developed resistance to streptomycin) and P1121 (a type 23F, capsulated isolate from the human nasopharynx) (11, 12) . The pneumolysin (Ply)-deficient derivative D39ply was kindly provided by D. Briles (University of Alabama, Birmingham) (13) . The Ply-deficient derivative of P1121 was constructed by transformation with genomic DNA from D39ply, followed by serial backtransformation.
Worcester) and were grown in DMEM (Invitrogen) supplemented with 1 mM sodium pyruvate͞10% FBS (HyClone)͞100 units/ml penicillin͞100 g/ml streptomycin.
Mouse Model of Nasopharyngeal Colonization. Six-week-old C3H͞ HeOuJ [Toll-like receptor (TLR)4-sufficient] and C3H͞HeJ (TLR4-deficient) mice were obtained from The Jackson Laboratory. Mice were inoculated intranasally with 10 7 colonyforming units (cfu) of PBS-washed, mid-log phase H. influenzae, S. pneumoniae, or a combination of the two applied separately to each naris. Twenty-four hours after inoculation, the animal was killed, the trachea was cannulated, and 200 l of PBS was instilled. Lavage fluid was collected from the nasopharynx for determination of viable counts of bacteria in medium containing antibiotics to inhibit the growth of contaminants (100 g͞ml streptomycin to select for H. influenzae and 20 g͞ml neomycin to select for S. pneumoniae). In addition, the lavage fluid was assayed for the concentration of MIP-2 by ELISA (Pharmingen). These values were normalized to total protein (micro BCA protein assay, Pierce). In some experiments where indicated, C.B-17͞lcrCrlscid (severe combined immunodeficient mice; Charles River Breeding Laboratories) or C57BL͞6-TLR2 Ϫ/Ϫ mice were used (14) .
Bacterial Stimulation of Epithelial Cells and IL-8 ELISA. A549 or D562 cells were grown to confluence in 24-well plates (Costar) and then weaned from serum and antibiotics overnight. Bacteria were grown in liquid culture to mid-log phase (OD 620 ϭ 0.4), centrifuged, washed, and resuspended in DMEM without serum or antibiotics. Serial dilutions were plated to confirm bacterial density. A total of 1 ϫ 10 7-8 cfu͞ml H. influenzae and͞or S. pneumoniae were added to the epithelial monolayer. Where indicated, purified Ply or its toxoid form (PdB), prepared as described (15) , and the kind gift of J. Paton (University of Adelaide, Adelaide, Australia), was added to the cells (100 ng͞ml) in place of S. pneumoniae. Plates were spun at 150 ϫ g for 5 min to apply the bacteria to the epithelial cells and incubated at 37°C in 5% CO 2 for 2 h. After stimulation, monolayers were washed four times with PBS, and MEM with 10 g͞ml ciprofloxacin was added overnight. The concentration of IL-8 in supernatants collected 18 h after stimulation was determined by ELISA (Pharmingen) according to the manufacturer's instructions. Cell viability as assessed by Trypan blue exclusion exceeded 95%. Because HEK cells adhere poorly if washed or weaned from serum, unweaned cells were exposed to heat-killed (70°C for 30 min) H. influenzae and͞or S. pneumoniae for 18 h, and supernatants were assayed as above. Pretreatment of cells with 20 M SB203580 (Calbiochem) or 20 M N-p-tosyl-Lphenylalanine chloromethyl ketone (TPCK, Sigma) was for 30 min, and inhibitors were present until supernatants were collected for ELISA.
Plasmids, Transfection, and Luciferase Assays. D562 cells were grown to 50% confluence in 24-well dishes and transfected with 200 ng per well of pNF-B-luc (Stratagene) and 20 ng per well of pRL-TK (Promega) by using FuGENE6 (Roche Applied Sciences) according to the manufacturer's instructions. Costimulation as described above was performed at 36-48 h after transfection, and relative luciferase activity was assessed 6 h later by using the dual luciferase assay kit (Promega) according to the manufacturer's instructions.
Western Blotting. Monolayers of serum-weaned A549 cells were stimulated for 30 min with 10 8 cfu͞ml heat-killed H233, 100 ng͞ml purified Ply, or the two together. After washing with PBS, cells were lysed in 1% Triton X-100 with protease and phosphatase inhibitor cocktails (Sigma), and separated by SDS͞ PAGE. Proteins were transferred to poly(vinylidene difluoride) membranes and probed by using the PhosphoPlus p38 mitogenactivated protein kinase (MAPK) (Thr-180͞Tyr-182) antibody kit (Cell Signaling Technology, Beverly, MA) according to the manufacturer's instructions.
Statistical Analysis. Statistical comparisons among groups were made by using ANOVA with Bonferroni posttests as appropriate. For in vivo data, groups were compared with Mann-Whitney tests (GRAPHPAD PRISM V. 4).
Results

Coinfection of Respiratory Epithelial Cells with H. influenzae and S.
pneumoniae Induces Synergistic Increases in Production of IL-8. We measured the concentration of IL-8, a major human neutrophil chemokine of the airway, in supernatants of the human respiratory epithelial cell line A549 after stimulation by H. influenzae strain H233, S. pneumoniae D39, or the two in combination. Exposure of the epithelial cells to bacteria for 2 h was required to induce a maximal response (data not shown). When similar numbers of organisms were applied, H233 was a more potent inducer of IL-8 production than D39 (Fig. 1A) . When epithelial cell monolayers were exposed to the two organisms together, the production of IL-8 was significantly greater than additive (P Ͻ 0.001). Similar results were obtained by using D562 cells (data not shown).
Nasopharyngeal Cocolonization of Mice with H. influenzae and S. pneumoniae Leads to Increased Local Production of MIP-2 and Neu-
trophil Recruitment. To determine the in vivo relevance of synergistic cytokine induction, C3H͞HeOuJ mice were colonized with S. pneumoniae or H. influenzae. Animals colonized with both bacterial species generated significantly higher local concentrations of MIP-2, the major murine neutrophil chemokine in the lung, than did those exposed to either organism alone ( Fig. 1B ; P Ͻ 0.01). Similar results were obtained by using nasal washes from severe combined immunodeficient mice colonized for 24 or 72 h (data not shown.) Correspondingly, histopathologic examination of the upper airways of colonized mice demonstrated a greater influx of inflammatory cells into the anterior nasal spaces of mice exposed to both bacterial species than those given either bacterium alone (Fig. 1C) .
Synergistic Release of IL-8 from Epithelial Cells Is NF-B-Dependent.
The transcription factor NF-B is crucial to the ability of respiratory epithelial cells to produce IL-8 in response to a variety of stimuli (16) . To define whether the mechanism for synergistic proinflammatory response occurred in a pathway upstream of NF-B, the relative activity of NF-B was assessed in D562 cells transfected with luciferase reporter plasmid (NF-B-luc). In accord with the data from the IL-8 ELISA, we demonstrated greater activation of NF-B after exposure of the cells to H. influenzae and S. pneumoniae together than to either species alone ( Fig. 2A ) Treatment of cells with the proteasome inhibitor TPCK, which prevents nuclear translocation of NF-B, significantly decreased production of IL-8 in response to bacterial stimulation (Fig. 2B) .
Synergistic IL-8 Production by Respiratory Epithelial Cells Does Not
Require TLR2 or TLR4. Because signaling by means of TLR4 has been implicated in innate immunity to H. influenzae respiratory infection (17) and in the host response to the S. pneumoniae protein toxin Ply (18), we investigated the contribution of this system to the synergistic increase in production of IL-8. No difference in levels of MIP-2 in upper respiratory tract lavage samples taken from TLR4-sufficient (C3H͞HeOuJ) and TLR4-deficient (C3H͞HeJ) mice was observed (data not shown), indicating that host TLR4 is not an important factor in the generation of this cytokine in response to bacterial colonization or cocolonization. Similar findings in TLR2 Ϫ/Ϫ mice confirmed that TLR2 is also not necessary for synergistic increases in cytokine production in vivo (data not shown). We further investigated the role of TLR signaling in vitro by stimulating HEK cells that lack endogenous TLR2 and TLR4, with combinations of bacteria (19, 20) . A similar pattern of response, including a synergistic increase in production of IL-8, after coinfection with H. influenzae and S. pneumoniae was observed (Fig. 3A) , confirming that this effect is preserved even in the absence of signaling through TLR2 and TLR4.
Production of Ply Is Required for the Pneumococcal Contribution to
Epithelial Stimulation. To investigate the contribution of Ply, a pore-forming toxin of S. pneumoniae, to the generation of a synergistic cytokine response, we used isogenic Ply-deficient strains of S. pneumoniae in both in vitro and in vivo experiments. Stimulation of HEK cells (Fig. 3A) or A549 (data not shown) demonstrated that costimulation with H. influenzae and a Ply-sufficient strain of S. pneumoniae is required for synergistic release of IL-8. Although the Ply-sufficient and -deficient strains colonized with equivalent efficiency at 24 h, no synergistic production of MIP-2 in nasal washes was observed in animals receiving Ply-deficient S. pneumoniae in combination with H. influenzae (Fig. 1B) . Correspondingly, less inf lammation was observed in the airways of mice cocolonized with H. influenzae and Ply-deficient S. pneumoniae than those treated with H. influenzae and Ply-sufficient S. pneumoniae (Fig. 1C) . Moreover, treatment of epithelial cells with and P1121 led to synergistic induction of MIP-2 in lavage samples ( * , P Ͻ 0.01; box-and-whiskers plot indicates median and interquartile ranges; n ϭ 5 in each group), whereas cocolonization of H636 and Ply-deficient P1121ply did not. (C) Hematoxylin͞eosin-stained sections (400ϫ) of upper airways of C3H͞HeOuJ mice 24 h after colonization with H636 (i), P1121 (ii), H636 and P1121 (iii, arrow indicates neutrophilic infiltrate), and H636 and P1121ply (iv). Mock-colonized mice had no detectable MIP-2 in nasal washes, and no inflammatory cells were seen in sections (data not shown).
H. influenzae H233 and purified Ply was sufficient to synergistically enhance IL-8 production. PdB, which has Ͻ0.1% of the activity of the native toxin (15), failed to induce synergistic IL-8 production (Fig. 3B) .
Host p38 MAPK Activity Is Required for Synergistic Epithelial Stimu-
lation by H. influenzae and S. pneumoniae. Host cell activation of NF-B in response to small cytoplasmic factors of H. influenzae has been previously described to require activity of p38 MAPK (21) . Additionally, p38 MAPK is involved in H. influenzaemediated up-regulation of mucin gene expression in epithelial cells (22) . We investigated the activation of p38 MAPK after exposure of cells to H233, purified Ply, or the two in combination. Costimulation of cells with H. influenzae and Ply led to greater phosphorylation of p38 MAPK than either condition alone (Fig. 4A) . The contribution of p38 MAPK activation to our observations of synergistic IL-8 production was investigated by using a specific inhibitor of p38 MAPK, SB203580. Pretreatment of A549 cells with SB203580 for 30 min reduced the response to H. influenzae H233 and suppressed the response to coinfection with S. pneumoniae (Fig. 4B) , confirming the dependence of synergistic cytokine induction on p38 MAPK.
Discussion
We demonstrated synergistic induction of proinf lammatory cytokine expression both in vitro and in vivo in response to two common constituents of the human nasopharyngeal f lora. Epithelial surfaces in the upper airway face a dilemma similar to that in the gastrointestinal tract: how to preserve the ability to respond to microbial threats in the setting of constant exposure to multiple types of commensal organisms. Gastrointestinal epithelial cells sequester some pattern-recognition receptors away from the luminal contents, and there are also data to suggest that certain members of the commensal f lora may dampen epithelial responses to a variety of stimuli (4, 23) . We investigated the pattern of response of respiratory epithelial cells exposed to two common organisms that exist as both commensal f lora and upper respiratory pathogens in humans. The finding that exposure to microbes in combination can greatly alter the level of epithelial proinf lammatory cytokine production and inf lux of neutrophils implies that the presence of certain bacterial species in the upper respiratory microenvironment may modulate the capacity of a host to respond to new challenges. Alternatively, acquisition of new bacterial species may prime inf lammatory responses to preexisting commensals. Both of these possibilities are especially important in light of increasingly common medical interventions, whereas PdB (100 ng͞ml) has no effect. such as antibiotic therapy or vaccination, that alter the composition of the nasopharyngeal f lora (24, 25) .
Generation of IL-8 by epithelial cells plays a central role in the initial control of respiratory tract infection, as it recruits neutrophils that contribute to bacterial killing and clearance to the airway lumen (26) . Dysregulation of NF-B activation and subsequent IL-8 production may play an important role in the pathogenesis of some inf lammatory lung diseases such as cystic fibrosis (16) . Synergistic production of IL-8 in response to S. pneumoniae and H. influenzae depends on an intact NF-B signaling system, but interestingly, the response of NF-B to costimulation as measured by a luciferase reporter system appeared to be additive rather than synergistic. Because of the presence of multiple NF-B inhibitory molecules, including IB␣, complex relationships exist between the patterns of activation of NF-B and the overall expression of downstream genes (27) . In addition, the regulation of IL-8 production is multifactorial, involving both pre-and posttranscriptional regulatory steps. Our data do not exclude the possibility that other factors acting in concert with NF-B contribute to synergistic epithelial production of IL-8. For example, phosphorylation of p38 MAPK, as demonstrated in this setting, can stabilize IL-8 mRNA, leading to prolongation of cytokine production (28) .
Epithelial cells sense bacterial products through a variety of mechanisms, the best understood of which involve TLRs. Structures present on both H. influenzae and S. pneumoniae act as ligands for TLRs (17, 18, 29 -33) . In addition, TLR signaling appears to be important in innate immunity to both of these pathogens in vivo (34 -37) . Despite the evidence for interaction of both H. influenzae and S. pneumoniae with TLR2 and TLR4, it is clear that TLR-independent pathways of respiratory inf lammation exist. For example, mice that lack either TLR2 or the crucial adapter molecule MyD88 still mount an immune response to S. pneumoniae in the lung (34, 35) . Synergistic induction of IL-8 by S. pneumoniae and H. influenzae can occur in human cell lines and in mice that lack the capacity to signal through TLR2 or TLR4. This finding prompted us to investigate TLR2-and TLR4-independent means of epithelial stimulation by S. pneumoniae and H. influenzae.
Ply, the major protein toxin of S. pneumoniae, is a member of a family of Gram-positive cytotoxins that target cholesterolcontaining membranes of eukaryotic cells and generate large pores (38) . Ply-deficient strains of S. pneumoniae are attenuated in animal models of pneumonia and sepsis (13) . In addition, purified toxin is sufficient to induce many of the features of pneumococcal lung disease, including neutrophil recruitment, just as it recapitulated the effect of whole S. pneumoniae in our experiments (39) . Here, we demonstrate that Ply is necessary and sufficient for the pneumococcal contribution to synergistic epithelial activation, an effect that is independent of TLR4 (18) . PdB has a single amino acid substitution (W433F) that decreases its cytotoxic activity Ͼ1,000-fold (15). The toxoid form, when presented in combination with H233, did not lead to synergistic enhancement of IL-8 production, implying that active pore-forming toxin is required for this effect.
H. influenzae is a potent activator of NF-B-dependent genes in epithelial cells (5) . In addition to its ligands for TLR2 and TLR4, an unknown constituent of the soluble cytoplasmic fraction (SCF) of H. influenzae causes activation of NF-B in epithelial cells by means of a p38 MAPK-dependent mechanism (33) . Because synergistic induction of IL-8 was noted even in the absence of functional TLR2 and TLR4, we investigated the contribution of host p38 MAPK. We demonstrated that p38 MAPK phosphorylation was increased in the setting of costimulation by H. influenzae and purified Ply. Synergistic IL-8 production by H. influenzae and S. pneumoniae could not occur in the setting of p38 MAPK inhibition. This finding is consistent with previous findings (21) that noted that p38 MAPKdependent stimulation, largely due to components of the SCF, accounted for the majority of epithelial activation by H. influenzae. The dependence of synergistic IL-8 induction on both Ply and p38 MAPK raises the possibility that membrane pores created by Ply might serve to enhance delivery of SCF components to the cytoplasm of host epithelial cells, where they may stimulate innate immune responses. H. influenzae peptidoglycan, for example, has been shown to be a mediator of inflammation in vivo (40, 41) . If H. influenzae peptidoglycan gains access to the cytoplasm through Ply pores, it may subsequently interact with the pattern recognition molecule Nod1, which senses Gramnegative peptidoglycan and initiates NF-B-mediated responses (42) . This suggested mechanism is reminiscent of cytolysinmediated translocation in Streptocuccus pyogenes and of the delivery of peptidoglycan to the cytoplasm of epithelial cells by the type IV secretion system of Helicobacter pylori (43, 44) .
Our observations represent a previously unrecognized phenomenon among members of the respiratory microflora: the action of a virulence factor from one microbe amplifying the host response to a second, unrelated species. Improved understanding of this synergistic activation and other epithelial responses to polymicrobial stimulation may provide insight into the molecular mechanisms impacting colonization. 
